We study a system of two Higgs bound state, interacting via a real scalar Dark Matter mediating field, without imposing Z 2 symmetry on the DM sector of the postulated Lagrangian. The variational method in the Hamiltonian formalism of QFT is used to derive relativistic wave equations for the two-Higgs system, using a truncated Fock-space trial state. Approximate solutions of the 2-body relativistic coupled integral equations are presented, and conditions for the existence of Higgs bound states is examined in a broad parameter space of DM mass and coupling constants.
Introduction
Astrophysical observations of gravitational effects at all length scales of the universe, including our Milky Way galaxy, indicate the existence of Dark Matter (DM) [1, 2, 3] . To date, DM has been observed only through its gravitational influence such as rotation curves of galaxies, mismatch of estimated mass and luminous matter in galaxy clusters, lensing of galactic Supernovae of Type Ia and Cosmic Microwave Background images, etc. A major open question is the nature of DM, since to date, there are no direct measurements of DM's electroweak, or any non-gravitational, interactions.
One conjecture is that DM is made up non-baryonic particles called WIMPs (Weakly Interacting Massive Particles). Experimental efforts at detecting DM, including WIMPs, are ongoing [4] . The literature on this subject is extensive. A brief, useful overview of DM and efforts to detect them is given in ref. [5] .
An outstanding question is how DM interacts with Standard Model particles, including the Higgs particles. There have been a number of theoretical models that address this problem (see, for example, references [6, 7, 8] and citations therein). Recently, Petersson et al. have proposed a Supersymmetric generalization of the Standard Model in which the Higgs boson can disintegrate into a photon and DM particles [9] .
The possibility of Higgs bound states ("Higgsonium") has been examined well before the experimental detection of the Higgs boson (cf. references [10] to [14] ). In these prior studies, the domain of the Higgs mass and coupling strength for which Higgsonium binding might occur, were investigated. These 2-Higgs bound-state results (due to Higgs self coupling) are somewhat moot, now that the Standard Model Higgs mass has been observed to be 125. 7 GeV.
The present work is concerned with the interactions of Higgs particles with DM particles. In particular we shall examine the possibility of twobody Higgs bound states due a mediating DM field. To our knowledge, this is the first investigation of Higgs relativistic bound state formation, using a general DM Lagrangian, via a singlet scalar DM channel.
The model
In this work the Dark Matter is assumed to be a spinless, singlet, massive scalar field φ, of mass µ, coupled with the Higgs field χ, which is taken to be the Higgs sector of the Standard Model. Models with scalar singlet DM have been studied previously (see for e.g. references [16] [17] ). In this study, we shall consider the interaction of the Higgs particles with DM only. The interaction terms will be taken to be of a general form consistent with classical stability and renormalizability, that is the postulated Lagrangian density of this model is ( = c = 1)
where κ, λ, g 1 , g 2 , v and η j (j = 1, 2, 3) are positive coupling constants; λ, κ, η j being dimensionless, and v, σ, g j , having dimensions of mass. Aside from the Higgs sector coupling constants λ and v, all the others are presently unknown and will be treated to be adjustable. Note that we have not included a g χφ term in our postulated Lagrangian (1) becase such a mixing term would contain a coupling constant g with dimensions of (mass) 2 , which is unusual and would allow for instability of the DM.
The proposed Lagrangian (1) does allows for the decay of a very heavy single DM particle into two Higgs, provided that m DM ≥ 2 m Higgs , where m DM ≡ µ, and m Higgs ≡ m are the DM and Higgs masses respectively.
In order to decrease the coupling-constant parameter space we shall set σ = κ = η i = 0 for this paper.
It is shown below that in the domain where the effective Higgs-DM dimensionless coupling constant varies from 0-2, two Higgs bound states are formed only if m DM ≤ m Higgs , which excludes DM decay into the Higgs.
Models in which the DM is represented by a scalar with an assumed Z 2 symmetry, have been investigated by many authors, e.g. [16, 18, 19, 21] . Our Lagrangian, however, does not impose a Z 2 symmetry, since the DM particle is represented by a spinless real scalar -thus allowing for trilinear terms, such as g 2 χ 2 φ, in which the dimensionful coupling constant is similar to that of the Higgs sector of the DM.
Our choice is motivated by the fact that the popularity of the Z 2 symmetry has largely resulted in the avoidance of studying the simplest case of a real scalar DM with no additional internal degrees of freedom. In an article on scalar DM, Rodejohann and Yaguna [22] have noted that "..use of discrete symmetries is questionable not only due to its lack of motivation, but also because they are expected to be broken by gravitational effects at the Planck scale, including dark matter decay and likely destroying the feasibility of such models. That is why it is often implicitly assumed that such a discrete symmetries are actually the remnants of additional gauge or flavor symmetries present at a higher scale, thereby delegating the problem to a framework larger than the model under consideration." In another recent paper, Cirelli [23] notes that "The "stabilization symmetry" has become such a household tool for the model builder that often he/she does not even spend time arguing about it: when in a hurry, just say that you add a Z 2 symmetry and move on."
Quantization and Hamiltonian Formalism
Upon canonical quantization (in the interaction picture) the classical fields φ, χ become operators
where
. The DM and Higgs operators d † , d and h † , h satisfy the usual commutation rules,
and all others vanish. In the Hamiltonian formalism of QFT, the equations to be solved arê
whereP β = (Ĥ,P) and Q β = (E, Q) are the energy-momentum operator and corresponding eigenvalues. The β = 0 (energy) component of equation (5) is generally impossible to solve and this applies to the present model. Thus, approximate solutions need to be obtained. We shall use the variational method, which is applicable to strongly coupled systems. This method is based on the principle
whereĤ is normal ordered, and |Ψ trial is a suitable trial state. The subscript t=0 in equation (6) indicates transformation to the Schrödinger picture, which is convenient for bound states.
Trial state and channel equations
For a system of two Higgs particles interacting via the DM field, the simplest trial state that yields tractable, non-trivial results is |ψ trial = dp 1 dp 2
+ dp 1 dp 2 dp 3
where h denotes Higgs and d Dark Matter, and F i , (i = 1, 2) are variational channel wave functions to be determined. We shall work in the rest frame in whichP|ψ trial = 0, which implies that
. Substituting the expression (7) into equation (6), evaluating the indicated matrix elements and performing the variations, leads to the following equation for the channel trial functions F 1 and F 2 :
and
It is not possible to obtain exact analytic solutions of the coupled, relativistic equations (8) and (9), so we shall resort to obtaining approximate variational-perturbative solutions. In lowest order approximation we take E ω(q 1 , m)+ω(q 2 , m) in equation (9), whereupon equation (9) simplifies to
Substituting the expression (10) into equation (8) , the latter, in the rest frame (i.e. the total momentum Q = 0), simplifies to the single relativistic momentum-space equation
where f (q) = F 1 (−q, q) , and α = 2g 2 2
(4π) 4 m 2 is a dimensionless coupling constant. The interaction in the integral equation (11) is represented by the kernel, which is a relativistic generalization of the potential.
Our principal interest is to determine the conditions under which the twoHiggs system can form bound states due to a Dark Matter mediating field. For this purpose it is sufficient to study ground states, for which the wave functions are spherically symmetric. We shall examine the (α, µ) parameter space, where µ is the (unknown) DM particle mass, and α (or, equivalently, g 2 ), is the (similarly unknown) dimensionless coupling constant.
Approximate solutions and results
Unfortunately the relativistic equation (11) is not analytically solvable even for spherically symmetric states, so approximate variational solutions will be obtained. Variational approximations, as is well known, are only as good as the trial states that are used. For our purposes it will be sufficient to use simple ground state trial functions, particularly in light of the large parameter space to be examined.
We shall obtain approximate variational solutions of (11) for the HiggsHiggs ground state, using the spherically symmetric trial wave function
where p = |p|, ω(p, m) = (p 2 + m 2 and b is an adjustable parameter, whose value is chosen so that the E trial (b; α, m, µ) is a least upper bound to the unknown exact mass of the two-Higgs bound state. It should be noted that for non-relativistic Higgs particles, i.e. in the limit p 
where = E − 2m. This is recognized to be the momentum space representation of the non-relativistic Schrödinger equation for the relative motion of two Higgs particles interacting via an attractive Yukawa potential − α e −µr r .
As is well known, this non-relativistic equation is not analytically solvable for µ > 0 though in the limit of massless Dark Matter particles, µ = 0, the solutions are the familiar Hydrogenic ones with = − 1 4 m α 2 and b = 1 2 mα for the ground state.
The variationally obtained relativistic two-Higgs ground-state rest masses E are listed in Table 1 for various values of the dimensionless coupling constant α and for various values of the DM mass µ. All results are given in units of the Higgs mass m, i.e. E is E/m, µ is µ/m, b is b/m.
We also list the previously obtained non-relativistic limit results for comparison purposes [15] . These relativistic and non relativistic results are also plotted in Figure 1 and in Figure 2 . It is evident that the relativistic values of the bound two-Higgs rest mass E are significantly higher (i.e. the binding energy is significantly lower) than the non-relativistic values, and the difference grows with increasing values of the coupling constant α. This underscores the importance of using a relativistic description.
Concluding remarks
Our results show that two-Higgs bound states can be formed due to a massive spinless real scalar Dark Matter mediating field, over a broad range of the effective dimensionless coupling constant α = 2g 2 2 /(4π) 4 m 2 and DM mass µ, namely 0 < α ≤ 2 and µ ≤ m, i.e. decay of the DM particle into two Higgs particles is not possible. Note that the indicated domain of the effective dimentionless coupling constant α does not require that g 2 be large since α is proportional to (g 2 /m) 2 . Of course, these bound states are actually quasi-bound states since the Higgs particle has a very short lifetime and so the two-Higgs bound system is also short lived. Such quasi-bound states are expected to manifest themselves as resonances in the scattering cross section in DM on DM collisions. This is analogous to bound states of positronium, which are also short-lived quasi-bound states of an electron-positron system that manifest themselves as resonances in photon-photon scattering [20] .
In the present work we do not study H on H elastic scattering states, that is solutions of equation (11) with E > 2 m. Also, the effect of the coupling constants other than g 2 are not sampled in this work. Their effect on the binding energies can be evaluated perturbatively or by expanding the number of Fock components in the trial state |ψ trial . In any case, their effect would not eliminate the binding, since the interactions in this model are overall attractive. We shall report on the effect of interaction terms of the Lagrangian (1) with coupling constants other than g 2 in subsequent work.
